In pot and field experiments conducted in 1990 and 1991 on an acid sandy, phosphorus (P) deficient soil in Niger, West Africa, the effect of seed coating on seedling emergence, early growth and grain yield of pearl millet (Pennisetum glaucum (L.) R. Br.) was studied. Seeds of pearl millet were coated with different rates (0; 0.5; 1.0; 2.0; 5.0; 10.0 mg P seed -1) and types of P fertilizers (single superphosphate, ammonium dihydrogen phosphate; monocalcium phosphate, sodium dihydrogen phosphate and sodium triphosphate). Seedling emergence was generally reduced at coating rates higher than 0.5 mg P seed -1 and prevented with single superphosphate and sodium triphosphate at rates higher than 5 mg P seed-1. No correlation was found between the pH and osmomolity of the coatings and final emergence of millet seedlings. The most favourable effect on plant growth and P content was achieved with ammonium dihydrogen phosphate (AHP) as seed coating. This was attributed to the enhancement effect of ammonium on P uptake. Compared to the untreated control dry matter production at 20 days after planting (DAP) was increased by 280%, P content per plant by 330%, total biomass at maturity by 30% and grain yield by 45%. Although seed coating with AHP may be harmful to seedlings emergence, it represents a suitable method to enhance early growth and increase yield of pearl millet.
Introduction
In West Africa pearl millet (Pennisetum glaucum (L.) R. Br.) is the most important food crop [12] and its production is limited by inherent low soil fertility. One of the major constraints to millet production is phosphorus (P) deficiency at early growth stages of the crop [5, 22] .
Deficiency of nutrients during early plant growth can reduce yield, since various yielddetermining components are developed in this stage. Cowie and Asher [6] showed that maximum grain number in sorghum was determined at early growth stage and was reduced when the seedlings suffered from nitrogen deficiency. In tomatoes, yield was reduced to about 50% if P deficiency occurred at the seedling stage [28] . Vigorous early growth, due to sufficient seed reserves, can counteract stress conditions [32] . This is important particularly in the Sahelian region, where plant establishment is often impaired by drought and sand blast, occurring regularly prior to the rainfall events [3] .
In small seeded species such as subterranean clover, seed reserves were exhausted after ten days [23] . In oats, most of the P reserves from the seeds were translocated to the developing roots and shoot during the first eight days after germination [16] .
Pearl millet which has very small seeds (7- 10mgseed -1) and low P reserves (about 20 ~g P seed-l), should require an external supply of P soon after emergence. If sown in the traditional way at rates of 200,000 seeds ha -~, the seed reserves would only be 3.8 gP ha -~. This is very low compared with a demand of about 20 g P ha-1 for producing 5 kg ha-1 dry matter within the first 20 days. In millet production, using P surface broadcast or point placement application technique [5] , young seedlings were supplied insufficiently with R Although seed coating is commonly used in cereals, such as maize [42] , barley [1] , wheat and oats [37] no information is available whether seed coating is a suitable method of meeting early P demand and improving growth of pearl millet. The present work examines the effect of seed coatings with different P fertilizers and P rates on emergence, early growth, and yield of pearl millet on an acid sandy soil in Niger.
Material and methods

Pot experiment
A pot experiment was conducted in a growth chamber to compare the suitability of different P fertilizers for seed coating of pearl millet. The P fertilizers used were (i) single superphosphate (Ca(H2PO4) 2 +2CASO4; SSP), (ii) ammonium dihydrogen phosphate (NHeHzPO4; AHP), (iii) monocalcium phosphate (Ca(HzPO4) 2 + H20; MCP), (iv) sodium dihydrogen phosphate (NaHzPO 4 + 2H20; SHP) and (v) sodium triphosphate (NasP30~0; STP). With the exception of SSP, reagent-grade chemicals were used (Fluka, Chemie AG). Each fertilizer was applied at rates of 0.5; 1.0; 2.0; 5.0; and 10 mg P seed -1, which was equivalent to 0.1; 0.2; 0.4; 1.0; and 2.0kgPha -~ (assuming that millet is sown at 2.0 x 105 seeds ha-1). The seed coating procedure was performed by Saat-und Erntetechnik GmbH, Eschwege, Germany, in a rotation pan using bentonite as coating substance.
For the pot experiment top soil (0-30cm; Psammentic Paleustalf) was used from the experimental site at the ICRISAT Sahelian Center at Sador6, Niger (climate and soil properties see below). The pots (plastic trays) were filled with 12 kg air-dried soil and watered to field capacity. For each treatment 50 seeds of pearl millet (cv. CIVT) were planted at a depth of 10 mm and covered with a plastic foil to prevent water loss. Inert coated seeds (0 mg P seed -1) and uncoated seeds were sown additionally as control, to separate physical and chemical treatment effects of the coating.
With the exception of the nutrients applied with the P seed coatings no further fertilization took place. Plants were grown under controlled climatic conditions at 30°C/25°C day/night temperature with 14 h day length. The pots were watered daily to maintain moisture at field capacity. Emergence was counted daily and plants were harvested 16 days after planting. Shoots were dried at 65°C for dry weight determination. The pH of the coatings was determined after shaking 5 g of coated seeds with 15 ml of distilled water for 30 min. In the same solution, the osmomolity of the coatings was determined using and osmometer (Type: Digital, Knauer KG, Germany).
Field experiments
During the rainy seasons of 1990 and 1991, field experiments were conducted at the ICRISAT Sahelian Center (ISC) at Sador6, 45 km southeast of Niamey, Niger, West Africa (13 ° 15'N latitude, 2 ° 18'E longitude). In this area mean annual rainfall is 560 mm with a 25% probability of receiving less than 441 mm [41] , and a 36°C average daily maximum temperature on a yearly basis.
The soil at the ICRISAT Center is derived from eolian sand deposits, and classified as sandy Psammentic Paleustalf: sandy, siliceous, isohyperthermic [44] . The top soil (0-15 cm) has 91% sand and 9% clay and silt, a pH (HzO; 1 : 1) of 4.9, CEC of 1.3 meq 100 g-~ soil, base saturation of 42%, organic matter content of 0.17% and available P (Bray I) of 2.6 mg kg -~ soil. The field capacity for water is 0.14 m 3 m -3 [30] .
Pearl millet (cv. CIVT) was planted manually in pockets spaced 1 m x lm on plots of 12m 2 (12mxlm) in 1990 and 45m 2 (5mx9m) in 1991. Plots were laid out completely randomized with 6 replications. Each pocket received 20 seeds.
In 1990 the treatments were (i) seeds not coated; (ii) seeds inert coated (0mgPseed-1); (iii) seeds coated with monocalcium phosphate (MCP); (iv) seeds coated with ammonium dihydrogen phosphate (AHP). Phosphorus was applied at rates of 0.5; 1.0; 2.0 and 5.0 mgP seed -1, equivalent to 0.1; 0.2; 0.4 and 1.0 kg P ha -1. Since MCP proved unfavourable for plant growth in 1990, in 1991 P was applied only as AHP. Treatments in 1991 were (i) seeds uncoated and (ii) seeds coated with 0.5 mg P seed -~ as AHP. Plant height was determined every 10 days by measuring the distance from the ground to the tip of the longest leaf. To monitor the reproductive phase the percentage panicles flowering was counted in 1991 from 60 days after planting (DAP) until maturity. For determination of dry matter accumulation in 1990 plants of a 6 m 2 area were harvested only before tillering (40 DAP). In 1991 plants were harvested at the five-leaf stage (20 DAP), at tillering (40 DAP) and at maturity (90 DAP). At the five-leaf stage the stand was thinned to three plants per pocket and seedlings, which were in excess, were harvested. At tillering and at maturity plants of an area of 9 m 2 were harvested and divided into shoot, panicle and seeds. The plant material was dried at 65°C to constant weight.
Prior to chemical analysis the plant material was ground. Concentration of N in the shoot dry matter was determined using a Macro-N-Analyzer (Heraeus). Phosphorus was determined colorimetrically using the vanado-molybdate method [14] after ashing plant dry matter at 450°C overnight.
The results of the field experiments were statistically analyzed using ANOVA procedures. The LSD mean separation test at a significant level of 5% was calculated by the Student-Newman-Keuls Test and values are presented in the result section as vertical bars.
Results
Pot experiment
In the pot experiment, dependent on the type and rate of applied fertilizer, seed coating affected percent emergence of millet. At a rate of 153 10 mg P seed -1 emergence was prevented completely, irrespective of the P fertilizer used (data not presented). Seed coatings with SSP and STP reduced emergence by more than 50% at a rate of 0.5 mgP seed -1 and completely at a rate of 5.0mgPseed -I (Fig. 1 ). Seed coatings with 0.5 mg P seed -1 did not impair emergence when P was applied as SHP and only slightly when applied as AHP and MCP. However, at a rate of 5.0 mg P seed -1 as AHP, MCP and especially as SHP, emergence was reduced (Fig. 1) .
The effects on emergence by 1.0mg and 2.0mgPseed -1 were between the above mentioned P rates of 0.5rag and 5.0mgP seed -1. Data for the emergence of uncoated seeds are not presented, because they were similar to the inert (0 mg P seed -1) coated seeds.
Shoot dry weight after 16 days of growth was also affected by the type and the rate of P fertilizer. Seed coatings with increasing rate of P enhanced shoot dry weight when applied as AHP but reduced it when applied as STP (Fig. 2 ). MCP and SHP had no influence on shoot dry weight at any rate. The increase in shoot dry weight by seed coating with 0.5 mgP seed -1 as SSP was probably due to the very low emergence (10%). Thus, emerged plants could take additional advantage of the P amounts from the coatings of ungerminated seeds.
Phosphorus concentrations in the shoot dry matter of 16-day-old seedlings from inert or uncoated seeds were very low (0.6mgPg -1) (Fig. 2) . In a former study with this soil a P concentration of 3.5mgg -~ in the shoot dry matter were found in vigorously growing 12-dayold seedlings [22] . Seed coating with P increased P concentrations in the shoot dry matter when P was applied as AHP, MCP or SHP, but decreased it when applied as STP (Fig. 2) . The relatively low P concentration in the shoot dry matter obtained with SSP was probably due to a dilution effect, attributed to the high dry matter production (Fig. 2) .
In principle, amounts of P in the shoot dry matter followed the pattern of P concemrations. Amounts were increased with increasing rates of P applied as AHP, MCP and SHP, but decreased when applied as STP (Table 1) . At the lowest P rate (0.5 mg P seed -1) tile highest P amount was '\ obtained with STP, whereas at the highest P rate (5.0 mg P seed 1) this was true for AHP (Fig. 3) . Amounts of P in millet seedlings from inert coated seeds were similar to uncoated seeds (data not presented). At 16DAP, P seed reserves seem to be exhausted and the seedlings depended on external P sources. The pH and the osmomolity of the coatings, which were supposed as factors influencing the emergence of coated seeds, depended on the type and amount of P fertilizer ( Table 2) . As a rule the pH of the coatings increased in the order: MCP ~ SSP < AHP ~ SHP < inert < STP, and with the exception of STP, tended to decrease with increasing rate of applied P. Similarly the osmomolity of the coatings increased with increasing rates of applied P in the order: inert < SSP < MCP < STP < AHP < SHP (Table 2) . However, neither the pH (r=0.07) nor the osmotic values of the coatings (r = 0.03) correlated with emergence at 6 DAP.
Field experiments
In 1990 plant height was enhanced significantly with increasing levels of P when applied as AHP. Seed coating with MCP increased plant height only at the low P level (0.5 mgPseed-~). The enhancement of plant height with AHP seed coating was confirmed in 1991. Although seed coating increased plant height significantly only within the first 40 DAP plant development was significantly enhanced until maturity (Fig. 4) . Seed coating enhanced percentage panicles flowering 60DAP to 35% followed by a steady decline, whereas maximum panicle formation in the untreated plants was delayed until 90 DAP. At maturity the percentage of panicles with matured seeds was greater for coated (93%) than uncoated seeds (81%).
In 1990 shoot dry weight and P uptake at 40 DAP were increased when P was applied as AHP, but were not influenced when applied as MCP (Fig. 5) . The enhancement of dry matter production with AHP seed coating was confirmed in 1991. Seed coating increased shoot dry matter significantly at the five-leaf stage by nearly 300% and at tillering by 200%. At maturity, seed coating enhanced total dry matter (panicles plus seeds and shoots) by 30% and grain yield (seeds) by 45% (Fig. 6) .
Improved growth of millet was correlated also under field conditions with higher P concentrations in the shoots at the five-leaf stage (20 DAP) (Fig. 7) . At tillering (40 DAP) P seed coating had no effect on shoot P concentrations (Fig. 7) .
Dilution by enhanced growth with P seed coatings, was presumably the cause for the insignificant effects on the P concentrations in the shoot dry matter at tillering. At the five-leaf stage only 28% of the applied P were found in the shoots, whereas at tillering the amount of P in the shoots exceeded that applied as seed coating by a factor of more than 10 ( Table 3) . The growth improvement of millet, especially at the five-leaf stage was probably not related to improved N nutrition. Although N was applied simultaneously with AHP the concentration of N in the shoot dry matter, which was already in the sufficiency range (>32 mg N g-1 dry matter; [7] ), was not influenced by seed coating (Fig.   7) . 1p supply via seed reserves (6 g Pha 1) and seed coatings (100 g P ha-l); ,,u Means with the same letter do not differ significantly using an LSD (.05).
Seed coating improved early growth and amount of P in pearl millet, once deleterious effects on emergence were avoided. The tolerance of cereals compared to cruciferes and legumes [2, 38] to higher concentrations of soluble fertilizers during emergence was attributed to the enclosure of the caryopsis by glumes, lemma and palea [15, 37, 40] . These structures were considered as a barrier to restrict movement of solutes from the outer lemma and palea to the caryopsis [27] . In contrast to oats and barley, which are insensitive to fertilizer seed coating [2] , glumes are missing in seeds of pearl millet [19] . This explains the susceptibility of pearl millet during emergence to damage caused by P seed coating. Similar emergence rates of inert coated seeds and uncoated seeds indicate that the dominant effect of the P coating was related to its chemical composition. The solubility of a fertilizer [38] , its pH [35, 34, 38] and its osmotic value, expressed by the salt index [31] are regarded generally as responsible factors for damage during emergence. Since readily soluble P fertilizers can reduce emergence [36] , low soluble fertilizers were recommended for seed coating [9] . However, in the present study STP also reduced emergence (Fig. 1) , although polyphosphates are known as slow-release P fertilizer [8] . The lack of any relationship between the pH, osmomolity and final emergence of millet is in agreement with Scott et al. [37] , who found no relationship between emergence of oats and wheat and the pH of the nutrient coatings or the salt index of the fertilizer used. Although SSP is known as a "safe" fertilizer due to its low salt index [31] , it proved to be the most harmful one for seed coating with respect to emergence, both in millet ( Fig. 1) and in buffel-grass [40] . Gutty [15] speculated that the harmful effect of SSP on seedling emergence could be attributed to the formation of HF from components of SSP, such as free acid (0.6% H2SO4) and CaF 2.
Within the first 16DAP millet growth was affected particularly by the type of P fertilizer (Fig. 2) . Plant height (Fig. 3) and dry matter production (Figs 5 and 6) were increased when P was applied as AHP. In contrast to results obtained with lucerne and phalaris [38] , wheat [39] and chickpea [9] , millet growth could not be improved by seed coating with MCP; the reasons for that are not known. In the pot experiment ( Fig. 2) as well as under field conditions (Fig. 7) improved millet growth within the first 20 DAP was related to increased P concentrations in the shoot dry matter, particularly when P was applied as AHP.
For emergence seed coating with sparingly soluble fertilizer generally have been found to be less risky than readily soluble fertilizer [34] . At later growth stages the reverse is true [38] . Sparingly soluble fertilizer such as lime-reverted SSP [18, 36] or slow-release fertilizer such as isobutylidine diurea [36] were found to be unsuitable in supplying nutrients to seedlings.
In millet, enhanced P uptake was related also to the chemical composition of fertilizer used. Highest P uptake from seed coating was achieved when P was applied together with N as AHP (Fig. 5, Table 1 ). Hathcock et al. [17] showed that seed coatings with P and N in combination enhanced growth of tall rescue and Kentucky bluegrass more than seed coatings containing N or P only.
Enhancement effects of N on P uptake has been shown for maize [11] and wheat [24] , particularly when N was applied as ammonium [25] . The enhancement effect of NH 4 on P uptake was attributed to a stimulation of anion uptake in response to cation (NH4) uptake [4] . In the acid sandy soil used in the experiment with millet rhizosphere acidification by NHe-N is not likely to be an explanation for enhanced P uptake by AHP, but probably the stimulation of NH4-N on root growth [26] .
High P supply is particularly important for seedling growth. In the soil solutions P requirement for maximum growth of Desmodium aparines (Link) was greater at the seedling stage than at later growth stages [13] . In wheat, maximum P concentrations in the shoot dry matter were found at 25 DAP [29] and highest P requirement up to the end of tillering [43] . The high P demand at early growth stages may be due to the development of yield-determining structures [2] . In millet, for example, panicle meristems are already initiated at 20 DAP, the ttoret primordia are formed at 28 DAP and all floral parts are developed at 30 DAP [19] . The acceleration of vegetative and prolongation of generative growth in millet by P seed coating (Fig. 4) could be attributed to the improved P supply and P uptake at early growth stage. Enhanced P uptake at early growing stages has also been explained as causal factors for increased flower bud production in pepper [10] , flower number and pod set in soybean [33] and the number of grains in barley [20] and oats [21] .
In conclusion, the results suggest that P seed coating at low rates of P as AHP may stimulate early growth for developing higher yields on soils low in available P. However, further work is necessary to develop practical methods to avoid deleterious effects of fertilizer seed coatings on emergence. Additional application of polyvinyl acetate or sucrose [42] to the coatings may be a possibility to improve the emergence of fertilizer coated seeds.
